Actin cytoskeleton dynamics play vital roles in most forms of intracellular trafficking by promoting the biogenesis and transport of vesicular cargoes. Mounting evidence indicates that actin dynamics and membranecytoskeleton scaffolds also have essential roles in macroautophagy, the process by which cellular waste is isolated inside specialized vesicles called autophagosomes for recycling and degradation. Branched actin polymerization is necessary for the biogenesis of autophagosomes from the endoplasmic reticulum (ER) membrane. Actomyosin-based transport is then used to feed the growing phagophore with pre-selected cargoes and debris derived from different membranous organelles inside the cell. Finally, mature autophagosomes detach from the ER membrane by an as yet unknown mechanism, undergo intracellular transport and then fuse with lysosomes, endosomes and multivesicular bodies through mechanisms that involve actin-and microtubule-mediated motility, cytoskeleton-membrane scaffolds and signaling proteins. In this review, we highlight the considerable progress made recently towards understanding the diverse roles of the cytoskeleton in autophagy.
Introduction
Actin filament assembly and disassembly provide the mechanical forces for a wide range of cellular activities that involve membrane deformation, such as cell motility, phagocytosis, endocytosis and cytokinesis [1] . A large number of cytoskeletal proteins are involved in these processes and, while specific membrane structures (tubules, vesicles and filopodia) require specific subsets of proteins, some components and mechanisms are essential for all of these processes. These components include the Arp2/3 complex, which is activated by one of several nucleation-promoting factors (NPFs), as well as proteins that regulate actin filament elongation, severing and capping [2] . Thus, the emerging idea is that cells use similar, and sometimes identical, proteins to control the generation of endosomes from the plasma membrane [3] , vesicle budding from the Golgi apparatus [4] and, more recently, the biogenesis of autophagosomes from the endoplasmic reticulum (ER) [5] [6] [7] [8] .
Autophagy is a highly regulated catabolic process, involving the formation of a double-membrane cisterna in which cellular debris, protein aggregates, damaged organelles and pathogens are sequestered for degradation and/or recycling [9] . Numerous stimuli can trigger autophagy, but the most well-studied formmacroautophagy -is either induced by nutrient starvation (nonselective macroautophagy) or stimulated by specific degradation targets (selective macroautophagy). Examples of selective macroautophagy include mitophagy, aggrephagy, and xenophagy, referring respectively to the degradation of mitochondria, cytoplasmic aggregates, and pathogens [10] . Macroautophagy constitutes an evolutionarily conserved mechanism of cellular homeostasis, and compromised autophagy results in the accumulation of damaged materials, which can lead to several human diseases, including cancer [11] , neurodegenerative disorders [12] , muscle degeneration [13] and cardiovascular diseases [14] . A series of recent publications have revealed that the biogenesis and trafficking of autophagosomes depend on the activities of several cytoskeletal components, including actin assembly factors, membrane-cytoskeleton scaffolds, signaling proteins, and microtubule-and actin-based motors. Here, we review the role of the cytoskeleton in macroautophagy.
Autophagosome Biogenesis and Maturation
While our understanding of the molecular mechanisms of mammalian macroautophagy is still incipient, at least six discrete steps can be distinguished: initiation; formation of the omegasome; formation and expansion of the phagophore membrane; closure and detachment of the mature autophagosome; transport; and fusion of the autophagosome with lysosomes for degradation ( Figure 1 ). In non-selective macroautophagy, autophagosome initiation is triggered by nutrient starvation, which activates the cellular sensor of energy homeostasis -AMPactivated protein kinase (AMPK). AMPK inhibits mammalian target of rapamycin complex 1 (mTORC1), a general repressor of autophagy, and also activates the autophagosome-initiating complex consisting of Unc-51-like kinase 1 (ULK1), also known as autophagy-related protein 1 (Atg1), and two regulatory proteins, Atg13 and FAK-family kinase-interacting protein of 200 kDa (FIP200) [15] . The ULK1 complex phosphorylates Beclin-1, a component of the class III phosphatidylinositol 3-kinase (PI3K) complex, which consists of a core catalytic subunit (vacuolar protein sorting 34; Vps34) and three adaptor/regulatory subunits -Beclin-1, Vps15 and Atg14 (also known as Barkor for Beclin 1-associated autophagy-related key regulator) [16] . The class III PI3K complex phosphorylates phosphatidylinositol at specific locations within the ER membrane, leading to an increase in the local concentration of phosphatidylinositol (3)-phosphate (PI(3)P) [17] (Figure 1A ). These PI(3)P-rich sites act as precursors of autophagosome formation by triggering the recruitment of a number of proteins, such as double FYVEcontaining protein 1 (DFCP1) and WD-repeat domain phosphoinositide-interacting (WIPI) proteins, which are involved in the generation of a ring-like extension on the ER membrane known as the omegasome [9] .
The omegasome serves as a 'cradle' for the formation of the preautophagosome membrane, commonly referred to as the phagophore or isolation membrane ( Figure 1B) . In higher eukaryotes, several membrane sources contribute to the expansion of the phagophore membrane, including specialized ER domains [18] , the plasma membrane [19] , endosomes [20] [21] [22] , mitochondria [23] , the Golgi apparatus [24, 25] , and the ER-Golgi intermediate compartment (ERGIC) [26] . These sources contribute a key regulator of autophagy induction, the multispanning membrane protein Atg9. Atg9 acts as an essential precursor (A) During nutrient starvation, the class III PI3K complex is recruited to the endoplasmic reticulum, where it creates a PI(3)P-rich site that seeds the formation of the omegasome. (B) Key proteins, such as DFCP1 and the Arp2/3 complex NPF WHAMM, are recruited to these sites. WHAMM activates the Arp2/3 complex to form an actin-branched network that provides mechanical forces for the formation of the omegasome. A membrane cisterna called the phagophore (or isolation membrane) begins to form and expand on the omegasome. The expansion of the phagophore requires Atg9-rich membranes derived from different sources, including endosomes and the Golgi apparatus. LC3-II inserts into the phagophore membrane, where it serves as an anchor for autophagy adaptor proteins and may also recruit JMY, another NPF of the Arp2/3 complex. (C) Together, JMY and WHAMM induce the formation of a branched actin network needed for the expansion of the phagophore membrane. Ubiquitinated cargo from different sources, including mitochondria and protein aggregates, is delivered to the growing phagophore using actomyosin-based transport. Adaptor proteins, such as BAR domain proteins (not depicted) and annexins, contribute to membrane remodeling and fusion events during expansion. (D) The mature autophagosome detaches from the ER membrane and is initially transported using an actin comet tail mechanism. (E) The autophagosome is then transported over longer distances by dynein-dynactin along microtubules. (F) The autophagosome fuses with a late endosome to form an amphisome, which then fuses with an acidic lysosome to form an autolysosome. These fusion events depend on membrane-cytoskeleton adaptors, such as annexins, SNARE proteins (not depicted), actin and myosin I. The acidic pH of the autolysosome activates hydrolytic enzymes that degrade the autophagosomal content.
for the recruitment of the ubiquitin-like conjugation machinery, comprising a conserved Atg5-Atg12-Atg16 complex that covalently lipidates cytosolic LC3 (known as LC3-I) to produce an LC3-phosphatidylethanolamine conjugate (LC3-II) [27, 28] . An increase in the ratio of LC3-II to LC3-I typically correlates with an increase in the number of autophagosomes [29] . LC3-II inserts into the phagophore membrane [30] , where it functions as a universal anchor for a number of proteins involved in macroautophagy [31] . In selective forms of macroautophagy, several autophagy-specific adaptors -such as sequestosome-1/p62 [32] , nuclear dot protein of 52 kDa (NDP52) [33] , optineurin [34] , Tax1-binding protein 1 (TAX1BP1) [35] and next to BRCA1 gene 1 protein (NBR1) [36] -directly tether ubiquitinated targets to LC3-II through their LC3-interacting region (LIR) ( Figure 1C ). LC3-II also plays an essential role during closure of the phagophore membrane [37] , which generates the double-membrane autophagosome. Following their detachment, mature autophagosomes are transported using both actin-and microtubulebased mechanisms ( Figure 1D ,E). Autophagosomes then fuse either directly with lysosomes to form autolysosomes or with components of the endocytic pathway, such as endosomes or multivesicular bodies, to form amphisomes [38, 39] ( Figure 1F ). Ultimately, it is the SNARE-dependent fusion of autophagosomes (or amphisomes) with acidic lysosomes that leads to the degradation of the resulting autolysosomal content and the inner membrane by lysosomal degradation enzymes [40] .
Actin Dynamics and Autophagy
A role for actin in autophagy was first recognized 25 years ago, when it was observed that starved cells treated with actin-depolymerizing agents, such as cytochalasin D and latrunculin B, failed to produce autophagosomes [41] . Yet, following this initial report, actin assembly and autophagy were rarely considered together, until a flurry of recent studies reproduced and expanded upon these initial observations [42] [43] [44] . Other than the effect of actin-depolymerizing agents on autophagy, these new studies demonstrated the colocalization of actin filaments with important autophagy markers [42, 43] (Figure 2 ). What is more, a reciprocal interconnection seems to operate between autophagy and actin assembly, since a mouse knockout of Atg7, which shows inhibition of autophagosome formation, also displays severe defects in actin assembly due to reduced expression of proteins involved in the control of actin dynamics [44] .
Arp2/3 Complex and Autophagy
A series of recent studies have specifically linked the Arp2/3 complex to actin polymerization during the various steps of autophagy [5, 7, 8, [45] [46] [47] (Figure 2 ). The first step in actin polymerization, nucleation, is kinetically unfavorable, such that cells use filament nucleation machineries to promote actin polymerization in a spatiotemporally controlled manner [48] . Among these machineries, the Arp2/3 complex is unique in that it is the only nucleator capable of producing branched actin networks, which are essential for nearly all forms of membrane remodeling activities in cells [49] , including, not surprisingly, autophagy. Thus, pharmacological inhibition of the Arp2/3 complex with CK-666 [5, 7, 47] or siRNA knockdown of Arp2 [47] , a key subunit of the Arp2/3 complex, leads to a decrease in LC3-II levels and the number of autophagosomes. Inhibition of the Arp2/3 complex also results in the formation of elongated tubular structures that are positive for the omegasome marker DFCP1 [8] and the autophagosome marker LC3-II [7] , suggesting that proper omegasome formation is somehow halted by the inhibition of the Arp2/3 complex, i.e. by inhibition of branched actin network assembly ( Figure 1B) . In mature autophagosomes, the Arp2/3 complex appears to localize to highly dynamic puncta on the sides of autophagosomes [8] , where it triggers the formation of actin comet tails [7] . Such tails are characteristically linked to actin-driven motility of membranous organelles and pathogens [50] , suggesting that the Arp2/3 complex plays a role in shaping the autophagosome membrane [7] ( Figure 1C ) and in transporting autophagosomes after detachment ( Figure 1D ). In selective autophagy, the fusion of autophagosomes with lysosomes depends on the recruitment of cortactin to fusion sites by the ubiquitin-binding deacetylase HDAC6 [51] ( Figure 1F ). Cortactin is a well-known stabilizer of actin filament branches formed by the Arp2/3 complex [49] , thus implicating the Arp2/3 complex in autophagosome-lysosome fusion in selective autophagy. Conceivably, the Arp2/3 complex could play a similar role in non-selective macroautophagy.
Nucleation-Promoting Factors and Autophagy
A group of NPFs is responsible for the spatiotemporal activation of the Arp2/3 complex in cells [2, 49] and recent work on these proteins has reinforced the link between the Arp2/3 complex and autophagy ( Figure 2 ). Different NPFs activate actin nucleation and branching at different subcellular locations in connection with different activities and signaling inputs. NPFs have little in common, other than their carboxy-terminal proline-rich WH2 domain, central, acidic (PWCA) region, which mediates their interactions with profilin-actin, actin, and the Arp2/3 complex, respectively [48] . The WCA region of NPFs is sufficient to activate the Arp2/3 complex in vitro, whereas the other domains within these proteins are responsible for their regulation and localization. Three NPFs -WASP homolog associated with actin, membranes and microtubules (WHAMM), junction-mediating and regulatory protein (JMY), and the WAS protein family homolog (WASH) complex -have been implicated in mammalian autophagy [5, 7, 45, 46, 52, 53] , whereas another NPF, the WASP family verprolin homologous (WAVE) complex, has been implicated in plant autophagy [53] . First, the pentameric WASH complex was shown to colocalize with autophagosomes upon starvation [45, 46, 52] . The WASH complex colocalizes with markers of expanding phagosomes (Atg5, LC3-II and p62), but not with the autolysosome marker Lamp1, suggesting that its role in autophagy is limited to the early stages of autophagosome biogenesis [45] . WASH-complex deficiency in mouse embryos causes a marked increase in autophagy, which was interpreted by these authors as evidence that the complex inhibits autophagy through suppression of Beclin-1 ubiquitination [45] . However, a more recent study showed that siRNA depletion of the WASH subunit of the complex leads to Atg9 accumulation at the Golgi and a loss of LC3-II-positive vesicles in starved cells [46] , indicating a defect in the transport of Atg9-containing membranes for the expansion of the phagophore membrane. Thus, the role of the WASH complex in autophagy appears to involve retromer-mediated sorting of protein cargos to the growing phagophore ( Figure 1C) . Future studies should clarify whether the WASH complex also plays an inhibitory role in autophagy as suggested [45] .
Recently, two related NPFs, WHAMM and JMY, were also implicated in autophagosome formation [5, 7] . Depletion of both WHAMM and JMY by siRNA or interfering via mutagenesis with their ability to interact with the Arp2/3 complex leads to decreased LC3-II levels and the number of autophagosomes [5, 7] . Removal of the first 169 residues of WHAMM or the first 119 residues of JMY results in loss of autophagosome localization, suggesting that both NPFs interact with the phagophore membrane through their amino-terminal region ( Figure 1B ).
JMY contains a LIR motif within this region [5] , but it is unclear whether this motif is present in WHAMM, since its amino-terminal so-called ER-binding domain displays notable sequence differences with the amino terminus of JMY [7] . Moreover, WHAMM appears to bind directly and specifically to PI(3)P-containing membranes [54] (Figure 1B) . Consistent with these differences, the arrival of WHAMM at sites of autophagosome formation precedes that of both LC3-II and JMY (Figure 2 ): WHAMM co-localizes with puncta of the early autophagy marker DFCP1 on the ER membrane and, later in autophagy, propels these puncta via an Arp2/3-complex-dependent actin comet tail mechanism [7] ( Figure 1D ). In contrast, JMY does not appear to colocalize with actin comet tails [7] . JMY also contains three actin-binding WH2 domains, whereas WHAMM contains only two, such that JMY displays Arp2/3-complex-independent nucleation activity [55] . It is not surprising, but somewhat confirmatory, that these two related NPFs both function in autophagy, yet display clear differences in sequence, actin nucleation activity, and time of localization to autophagy sites, suggesting that they play non-overlapping roles in this process. It is tempting to speculate that WHAMM is more directly involved in the formation of the omegasome and/or the early stages of phagophore expansion as well as later on during comet-tail-driven motility of autophagosomes, whereas JMY is recruited after LC3-II, playing a role during the intermediate stages of autophagosome maturation.
One study proposed that an Arp2/3-complex-dependent network of actin filaments might help to shape and expand the phagophore membrane from the inside [8] . While this work did not identify the NPF that activates the Arp2/3 complex in this context, other actin-assembly factors were identified, including capping protein, which binds filament barbed ends and stops monomer addition/dissociation, and cofilin, a filament-severing protein. Knocking down capping protein, in particular, resulted in irregularly shaped phagophores that failed to mature into autophagosomes. The authors of this study proposed that capping protein is trapped at the omegasome membrane through an interaction with PI(3)P, thus freeing barbed-end polymerization at sites of autophagosome formation [8] .
Finally, the WAVE complex was found to be involved in autophagy in plants [53] . NAP1, a subunit of the pentameric WAVE complex, relocates from the cytoplasm to the ER membrane in response to pressure-induced stress, and this triggers the Arp2/3-complex-dependent actin polymerization that is presumably needed for phagophore formation and expansion [53] . In support of this conclusion, knocking out NAP1, or other subunits of the WAVE complex, reduces the number of autophagosomes during starvation and leads to autophagy defects that render these plants less tolerant to salt and nitrogen starvation [53] . The contribution of the WAVE complex to autophagy in plants, which lack genes for WHAMM and JMY, underscores the conserved role of the Arp2/3 complex in eukaryotic autophagy.
Actin-based Motility and Autophagy
Another way in which actin participates in autophagy is by providing the tracks for myosin-based motility. Several actinbased motors, including myosins I, II and VI, have been implicated in autophagy [56] . Myosin IC is widely expressed and plays diverse roles in eukaryotic cells [57] , including in the transport of sphingolipid-and cholesterol-rich lipid rafts from the trans-Golgi network to the plasma membrane [58] . Cholesterol is a critical component for autophagosome-lysosome fusion [59] , which probably explains why myosin IC deficiency leads to autophagosome accumulation [60] (Figure 1F ). While myosin IB is also found on lysosomes [61] , it remains to be demonstrated whether this isoform also functions in autophagy.
Non-muscle myosin II is abundantly expressed and accomplishes countless functions [62] , including the transport of autophagy-specific proteins from the trans-Golgi network [63] . Thus, ULK1/Atg1 promotes the phosphorylation-dependent activation of myosin II to help drive autophagosome formation by regulating Atg9 trafficking from the trans-Golgi network (or cis-Golgi) during phagophore expansion [64] (Figure 1B) . In this way, ULK1 regulates both autophagosome initiation and trafficking of membranes for its maturation.
Myosin VI is the only pointed-end-directed actin-based motor and is involved in many cellular processes [65] , including cargo delivery for phagophore expansion and lysosomal fusion [66] ( Figure 1C) . Myosin VI recruits cargo through adaptor proteinssuch as optineurin, NDP52, and TAX1BP1 -that associate with damaged, ubiquitinated organelles or pathogens [35, 66] . Neuronal and fibroblast cells derived from myosin VI knockout mice display an accumulation of autophagosomes, consistent with inhibition of autophagosome clearance [66] . A similar phenotype is observed in HeLa cells in which the myosin VI-endosome adaptor protein Tom1 is depleted [66] . Tom1 is a component of the ESCRT-0 complex, which is essential for autophagosome maturation during autophagy [67] . Thus, the inhibition of autophagosome clearance in myosin VI-deficient cells is possibly due to the compromised transport of endosomal components during phagophore expansion and/or autophagosome maturation that are afterwards required for lysosomal fusion [66] .
Microtubule-based Motility and Autophagy
Microtubule dynamics and microtubule-based motors have also been implicated in autophagy [68] . Starvation-induced autophagosome formation appears to require the most dynamic, socalled labile microtubule subset [69] , whereas the centripetal movement of mature autophagosomes prior to fusion with lysosomes may require stable microtubules [41, [69] [70] [71] [72] [73] (Figure 1E,F) . Drugs that either stabilize or destabilize microtubules interfere with autophagy in different ways. Limited treatment of HeLa cells with the microtubule-depolymerizing drug nocodazole primarily depolymerizes the labile microtubule subset and prevents the formation of starvation-induced autophagosomes [69] . More extensive nocodazole treatment of HeLa [69] , HEK293 [73] , and rat kidney [41] cells leads to complete depolymerization of both labile and stable microtubules and fully inhibits autophagic flux. Autophagosome formation is also inhibited by treatment with taxol, a drug that stabilizes microtubules and interferes with the dynamic turnover of the microtubule network [69, 73] . A key step in autophagosome clearance is the transport of autophagosomes dispersed throughout the cell toward lysosomes that concentrate near centrosomes [70] . In HeLa cells, mature autophagosomes accumulate around the centrosome, and the dynein-dynactin complex, which drives microtubule minusend-directed movement, promotes this accumulation and is essential for lysosomal fusion [70, 71] . Microtubule-dependent transport is particularly critical in neuronal cells, where autophagosomes formed in the axonal tip need to be transported over long distances toward the cell body for degradation [74] . The role of microtubule plus-end-directed kinesin motors in macroautophagy is less well understood, although there is strong evidence that they participate in autophagosome maturation in neurons [74] and may also be important for maintaining lysosome homeostasis during autophagy [75] .
Coordinated Membrane and Cytoskeleton Dynamics during Autophagy
A tight spatiotemporal coordination of actin cytoskeleton and membrane dynamics is a distinctive feature of many cellular processes, including cell migration, morphogenesis and endocytosis [76] . In these processes, Bin/Amphiphysin/Rvs (BAR) domain proteins have emerged as essential regulators, linking signaling pathways to the actin cytoskeleton and membrane remodeling. BAR domain proteins feature a curved membranebinding surface as well as other domains involved in protein-protein interactions, protein-membrane interactions and signaling that contribute to the membrane-binding activity and the recruitment of signaling and cytoskeletal proteins. Two BAR domain proteins -endophilin and sorting nexin 18 (SNX18) -have been found in association with autophagosomes [20, 77] (Figure 2) . Endophilin was shown to stabilize mature autophagosomes by binding to the outer leaflet of the autophagosomal membrane [77] . The endophilin orthologue in plants, SH3P2, has also been linked to autophagy and shown to interact with LC3-II and Beclin-1, suggesting that endophilin arrives at autophagy sites during the phagophore expansion phase [78] . SNX18 binds to LC3 in vitro and colocalizes with LC3-II in nutrient-starved cells [20] . In these cells, SNX18 also colocalizes with markers of recycling endosomes, i.e. Rab11 and the transferrin receptor, implying that SNX18 is not involved in autophagosome maturation per se, but rather in the tubulation and delivery of endosomes to autophagosomes.
The annexin family of Ca
2+
-regulated phospholipid-binding proteins constitutes another group of adaptors implicated in membrane budding and fusion and in the recruitment of binding partners to specific membranes [79] . Of the 12 annexins expressed in humans, several interact directly with actin, including annexins A1, A2, A5 and A6, and may therefore physically connect membranes to actin filaments [80] . Of these, annexins A2 and A5 have been implicated in autophagy [47, 81] (Figure 2 ). Annexin A2 regulates autophagosome formation by enabling trafficking of Atg9-containing vesicles, likely acting as a tether between recycling endosomes and actin networks assembled by the Arp2/3 complex or by the WH2 domain-based nucleator Spire [47, 48] (Figure 1C ). Annexin A2 expression increases with starvation; its knockdown abrogates starvation-induced autophagy, whereas its overexpression upregulates autophagy [47] . Annexin A5 accumulates on lysosomal membranes during starvation, and overexpression and silencing experiments indicate that it induces autophagosome-lysosome fusion ( Figure 1F ), thus increasing lysosomal protein degradation [81] . An annexin role in autophagosome-lysosome fusion is also consistent with the observation that this step is dependent on both actin [51] and Ca 2+ [38] .
While the evidence is still limited, these two families of membrane adaptors likely play distinct roles in autophagy, with BAR domain proteins mediating the establishment and maintenance of membrane curvature and annexins participating in membrane fusion during the expansion of the phagophore membrane and amphisome formation. Both families share the ability to recruit binding partners, including signaling proteins and actin, which is a common factor in these events.
Additional actin-independent, membrane-binding scaffolds are implicated in autophagy [82] . For instance, Atg14 contains a Barkor/Atg14 autophagosome-targeting sequence (BATS) that targets it to PI(3)P-rich curved membranes, where it regulates the PI3K complex and stabilizes the curvature of the phagophore membrane [83] . Recent work further indicates that oligomeric Atg14 triggers the formation of a trans-SNARE complex to promote autophagosome-lysosome fusion [84] . Finally, the Atg5-Atg12-Atg16 complex may also be involved in establishing and maintaining membrane curvature during phagophore expansion [85] . Atg5-Atg12 oligomers are thought to bind directly to LC3-II, which then recruits a dimer of Atg16. Sideby-side association of Atg5-Atg12-Atg16 complexes might allow for the formation of a continuous meshwork that could potentially scaffold the growing phagophore membrane [85] .
GTPase Signaling and Autophagy
Most aspects of actin dynamics are controlled by Rho-family GTPases [86] : RhoA and Rac1, but not Cdc42, appear to be specifically implicated in autophagy, albeit with opposite effects [42] . RhoA has a stimulatory role on starvation-induced autophagy and overexpression of constitutively active RhoA leads to an increase in the number of autophagosomes, whereas Rac has an inhibitory effect and its inhibition or depletion can moderately activate the autophagic pathway. The effect of RhoA on autophagy appears to be mediated by Rho-associated protein kinase (ROCK), although there is conflicting evidence regarding its function. In one study, pharmacological inhibition of ROCK in starved cells blocked the RhoA-mediated stimulation of autophagosome formation [42] . In contrast, another study showed that ROCK inhibition during starvation leads to stimulation of the autophagic response and to abnormalities in the size and protein composition of autophagosomes [42, 87] . Future work should help to clarify the diverging views on the role of RhoA in autophagy.
In a parallel manner, Rab-family GTPases control membraneremodeling events, and several Rabs function as regulators of membrane fusion events or as cargo adaptors during autophagy [88] . Rab1, in particular, has been implicated in regulating actin assembly through an interaction with WHAMM [89] . In mammalian cells, the number of autophagosomes increases with overexpression of Rab1, and a constitutively active form of Rab1 strongly colocalizes with LC3-II after induction of macroautophagy [90] . Rab1 expression also promotes the accumulation of WHAMM on the ER, which leads to increased membrane tubulation [89] . This effect could be due to inhibition of the Arp2/3 complex, since Rab1 inhibits the WHAMM-dependent activation of the Arp2/3 complex in vitro [89] and Arp2/3 complex inhibition by CK-666 also leads to an increase in WHAMM-coated tubules [7] .
Concluding Remarks
Growing evidence supports the notion that actin dynamics play important roles throughout the various steps of autophagy (Figures 1 and 2) . The Arp2/3 complex is at least in part responsible for actin polymerization during this process, but the specific function of branched actin networks in autophagy is still unknown. Future work should clarify why at least three different NPFs are required for autophagy, and how their activities are coordinated.
While the role of actin dynamics in non-selective macroautophagy in mammalian cells is undisputable, less is known about their role in other forms of autophagy, and specifically in selective forms of macroautophagy. In these processes, the degradation targets themselves appear to act as templates for autophagosome biogenesis, bypassing the need for the formation of a 'waste basket' [91] , and thus the requirement for actinpolymerization-dependent forces to reshape the ER membrane. How the phagophore membrane is initiated on these targets is only beginning to be understood [92] . However, actin dynamics have been implicated in the formation of autophagosomes during mitophagy [93] , as well as in lysosomal fusion during the clearance of protein aggregates [51] and bacteria [94] , suggesting that, while actin's role may vary, its presence is likely ubiquitous in any form of macroautophagy.
Predictably, assembly factors that control actin dynamics in other membrane-trafficking events, including formins and actin-bundling proteins, are also likely to participate in autophagy. Indeed, a recent study implicates the actin nucleator Spire, which typically functions in combination with formins [48] , in Atg9 trafficking to recycling endosomes [47] . These and other aspects of the cytoskeleton-autophagy connection will no doubt occupy scientists in the coming years.
